The nutritional requirements for antimicrobial activity of Streptomyces rimosus AG-P1441 were optimized using statistically-based experimental designs at a flask level. Based on a one-factor-at-a-time (OFAT) approach, glucose, corn starch and soybean meal were identified as the carbon and nitrogen sources having a significant effect on antimicrobial productivity. As a result of investigating the effect of glucose concentration, the highest antimicrobial activity was observed at 3% concentration. Response surface methodology (RSM) was then applied to optimize the growth medium components (corn starch, soybean meal, MgCl 2 and glutamate). Antimicrobial productivity increased sharply when the medium consisted of 3% glucose, 3.5% corn starch, 2.5% soybean meal, 1.2 mM MgCl 2 and 5.9 mM glutamate. The fermentation using optimized culture medium in a 5-L bioreactor allowed a significant increase in antimicrobial activity, evaluated by the paper disc assay, revealed a 29 mm inhibition zone diameter against Phytophthora capsici.
Introduction
Phytophthora blight caused by the oomycete Phytophthora capsici is one of the most economically destructive soilborne diseases in chili pepper production worldwide [1] . P. capsici causes damping-off, root rot, vine blight, leaf blight or fruit rot on more than 50 host plant species including vegetables and weeds [2] . In general, it is difficult to manage diseases caused by Phytophthora spp. because of their aggressiveness and increasing resistance to chemical compounds [3] . The extensive and widespread application of chemical pesticides has not only resulted in the development of resistance of these pathogens against chemicals but become a major source of environmental pollution and ecosystem damage [4] . Thus, biological control has become an important strategy to manage soil-borne diseases and to reduce the application of chemical pesticides [2] .
Numerous surveys of soil bacteria have identified strains of Streptomyces and Bacillus as potential biocontrol agents (BCAs) [5] [6] [7] [8] [9] . Bacterial genera, such as Streptomyces, Flavobacterium, Pseudomonas, Lysobacter and Bacillus, have been reported to suppress growth and asexual development of, and control plant diseases caused by Phytophthora sp. [4] . Actinomycetes have been recognized as producers of secondary metabolites and antibiotics, and several Streptomyces spp. have been studied as potential BCAs against fungal pathogens [5] [6] [7] .
We previously studied the antimicrobial activity of S. rimosus AG-P and found strong antimicrobial activities against Fusarium oxysporum, Alternaria panax, Cylindrocarpon destructans and Alternaria porri and, in particular, Pythium ultimum and P. capsici [10] . Thus, our previous work showed that S. rimosus AG-P could be a new BCA Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10068-017-0257-1) contains supplementary material, which is available to authorized users.
& Chang-Jin Kim changjin@kribb.re.kr against oomycete diseases and a potent inhibitor of Pythium spp. [5] . Specific nutritional requirements of microorganisms used in industrial fermentation processes are as complex and diverse as the microorganisms. As a method for optimizing the medium, there is a general practice of determining optimal concentration of media components by varying one-factor-at-a-time (OFAT). This method does not depict the net effect of total interactions among various media components. In this respect, media optimization is carried out by response surface methodology (RSM). Statistical optimization not only allows quick screening of a large experimental domain, but also reflects the role of each of the components [11] . The aim of the present study was to statistically optimize a production medium for improved antimicrobial compound production of S. rimosus AG-P1441 in the means of antimicrobial activity. The information obtained is expected to assist in the large-scale production of BCAs.
Materials and methods
Microorganism AG-P1441, a mutant of S. rimosus AG-P, was used throughout this study. This strain was maintained on Bennet agar composed of (g/L): glucose, 10; yeast extract, 1; beef extract, 1; peptone, 2 and agar, 20, and stored in 20% glycerol at -80°C. It was a highly producing mutant isolated and identified after N-methyl-N 0 -nitro-N-nitrosoguanidine (NTG) and UV treatment of a parent strain AG-P in our laboratory (unpublished data).
The fungal pathogen P. capsici, a tested pathogenic strain, was obtained from the Korean Agriculture Cultural Collection, National Academy of Agricultural Sciences, Suwon, South Korea. Potato dextrose agar (Difco, Detroit, MI, USA) was used for cultivation and bioassay of the strains.
Fermentation media and culture conditions
For seed culture, a frozen stock spore suspension of the AG-P1441 mutant was inoculated into 500 mL Erlenmeyer flasks containing 50 mL of Bennet liquid medium. After shaking at 150 rpm and 28°C for 30 h, the seed broth was used for inoculation. A 2 mL aliquot of the culture broth was inoculated into a 500 mL Erlenmeyer flask containing 50 mL GSS liquid medium (10 g soluble starch, 20 g glucose, 25 g soybean meal, 1 g beef extract, 4 g yeast extract, 2 g NaCl, 0.25 g K 2 HPO 4 and 2 g CaCO 3 per liter; pH 7.2). Fermentations for antimicrobial production were performed at 28°C and 150 rpm for 120 h. All trials were performed in triplicate.
Bioreactor fermentation
The validation of the statistical equation obtained for antimicrobial production from S. rimosus AG-P1441 was carried out in a 5 L bioreactor (KF-5 L, KoBioTech, Korea) with a working volume of 3 L. 5 mL of the seed culture was transferred to 200 mL seed medium in 1 L Erlenmeyer flasks and 150 mL of the seed culture was inoculated. Fermentation was at 28°C for 120 h with an aeration rate of 1 vvm and stirring at 500 rpm. The pH was not controlled. Samples of 10 ml for were taken for analysis.
Assay of antimicrobial activity
Antimicrobial activity was determined by the standard agar diffusion method using P. capsici as the test organism [12] . Antibiotic assay discs (Aldrich Whatman Ò , St. Louis, MO, USA) were impregnated with 50 lL of broth-culture filtrate (0.22 lm pore filter, Millipore), placed on agar plates and the inhibition zones measured (in mm) after incubation at 28°C for 7 days. Inhibition zones were measured from the edge of the antimicrobial disk to the margin of the zone.
HPLC and LC-MS analysis
Crude antimicrobial compound was extracted from the cell-free culture broth of S. rimosus AG-P1441 using an equal volume of ethyl acetate. The antimicrobial compound was partially purified using silica column chromatography with gradient solvent system (water:methyl alcohol). Fractions were analyzed on TLC and tested for antimicrobial activity by disc diffusion method. A fraction showed antimicrobial activity was analyzed on HPLC instrument (Hitachi, Japan). The LC mobile phase is as follows: water and methanol (50:50-0:100) with linear gradient elution with the flow rate of 1 mL/min using C 18 column. Filtered sample was injected into the column and the relative retention time was recorded. The partially purified antimicrobial compound was further analyzed using a LC-MS instrument (LTQ XL TM Linear Ion Trap Mass Spectrometer, Thermo Scientific, USA) with Electro Spray Ionization (ESI) source and a Cosmosil 2.5 Cholester column (Nacalai tesque, Japan) (100 9 2.0 mm) in order to determine the molecular weight.
Statistical design
The conventional OFAT method was used to select the effective factors. The production medium based on GSS medium was used to screen out the best carbon source, 3 and NaHCO 3 ; 0.01-1.0% w/v) and amino acids (glutamate and glutamine; 1-10 mM) were evaluated. A OFAT approach was initially implemented to determine the important process variables affecting antimicrobial production. Minitab 17.1.0 (Minitab Inc., State College, PA, USA) was used to design and analyze the data throughout the experiments. The Plackett-Burman design (PBD) was adopted for the selection of significant media components which influence production of antimicrobial compound in S. rimosus AG-P1441. In full factorial designs, the number of factors increases exponentially leading to an unmanageable number of experiments. Hence, fractional factorial design like Plackett-Burman becomes a method of choice for initial screening of medium components [13] . PBD method involves two-level fractional factorial saturated design that uses only k ? 1 treatment combinations to estimate the independent effects of k factors [14] . Based on the antimicrobial activity and economic efficiency, 10 variables selected by OFAT including four inorganic components, the selected carbon and nitrogen sources, amino acids and pH were investigated. A total of 11 variables at two levels, high (?) and low (-) were involved in the 12 trials to determine their effects on antimicrobial production. After the influential variables were selected by PBD, RSM with the central composite design (CCD) was used to resolve the optimum combination and interactive effects of critical process variables that enhance the antimicrobial production [15] . Combinations of PBD and RSM have been used in a number of studies for medium formulation to give optimum amount of desired metabolites [16] . The significant variables selected by PBD such as, corn starch, soybean meal, MgCl 2 and glutamate were further optimized by RSM using five-level CCD. The CCD contained a total of 30 experimental runs. Since, the theoretical relationships between the independent and dependent variables are not clear, multiple regression analysis can be applied to predict the dependent variables on the basis of a second-order equation [16] .
where Y = predicted response, a 0 = intercept coefficient, a i X i = linear terms, a ij X i X j = interaction terms and a ii -X i 2 = square terms. The statistical adequacy of the model was determined through analysis of variance (ANOVA). Overall model significance was verified using Fisher's -test and its associated probability. The quality of the polynomial model equation was judged statistically through coefficient of determination (R 2 ) and adjusted R 2 . Three-dimensional (3D) response surface plots were drawn to illustrate the relationship between the responses and the experimental levels of each independent variable. An optimum level of the variables for maximum antimicrobial activity was determined by response optimizer tool of the software.
Results and discussion HPLC and LC-MS analysis of antimicrobial compound
The active ethyl acetate extract from the cell free supernatant of fermentation broth of S. rimosus AG-P1441 was fractionated by silica gel column chromatography and the active fraction was analyzed on HPLC ( Supplementary  Fig. 1 ). The relative retention time of the fraction F42 that showed antimicrobial activity was observed to be approximately 18.5 min. The molecular weight was determined to be 293 by the ESI-mass measurements, which provided an intense quasi-molecular ion peak at m/z 294. 24 
in positive ion mode ( Supplementary Fig. 2 ).
Optimization of fermentation medium using a OFAT method

Effect of carbon source
In order to identify the most suitable carbon source for antimicrobial activity of S. rimosus AG-P1441, various carbon sources were separately provided at 10 g/L, replacing glucose and starch in the GSS medium. Among the tested carbon sources, glucose, mannose, potato starch and corn starch were propitious to antimicrobial antibiotic production by the AG-P1441 strain [ Fig. 1(A) ].
In a medium containing mixtures of rapidly and slowly used carbon sources, the former is used up first to produce cells but little or no antibiotics are synthesized. After the rapidly assimilated compound is depleted, the 'secondbest' carbon source is used for idiolite formation [17] .
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After considering the results in combination with the economic efficiency, for instance, the cost of glucose is less than mannose, glucose, as a rapidly used carbon source and corn starch, as a slowly used carbon source, were selected. Glucose, usually an excellent carbon source for growth, was selected as the basic carbon source. When glucose was added in a medium containing 1-5% the antimicrobial activity was increased as the amount of glucose increased but it did not increase when added more than 3%. Subsequent experiments were performed with 3% glucose added. 
(C) (A) Fig. 1 (A) Effects of carbon sources, (B) effect of nitrogen sources, (C) effects of micronutrients and amino acids on antimicrobial activity of S. rimosus AG-P1441
Effect of nitrogen source
In many microbial systems, antibiotic production is typically influenced by the source and concentration of nitrogen in the medium. The inhibitory effect of many N-compounds on antibiotic synthesis is observed with rapidly used nitrogen sources, such as ammonia, nitrate and certain amino acids. Therefore, proper nitrogen source selection can improve antibiotic production, particularly by using slow releasing N-compounds to avoid inhibition [18] . In the course of nitrogen source optimization, individual nitrogen sources were supplemented at 10 g/L into the medium by removing soybean meal, beef extract and yeast extract used in the GSS medium. In comparison to organic nitrogen sources, inorganic nitrogen sources gave rise to relatively lower antimicrobial activity. Among the 21 nitrogen sources examined, soytone, soybean meal, tryptone and peptone were favorable to antimicrobial production [ Fig. 1(B) ]. Tryptone was found to be the best nitrogen source, providing the maximum antimicrobial activity, followed by peptone, soytone and soybean meal. Although soybean meal was not the best nitrogen source, it is more affordable than other nitrogen sources. Porter and Jones reported soy flour, grits, and soybean meal as protein-rich raw materials suitable for enzyme and antibiotic fermentations [19] . Hence, soybean meal was selected as the organic nitrogen source in the medium.
Effect of micronutrients and amino acids
Micronutrients (trace elements) are known to affect the production of some secondary metabolites produced by actinomycetes. The concentration range of a trace element is much narrower for permitting secondary metabolism than the concentration range that permits superb vegetative growth [20] . For the estimation of the optimal concentration of each micronutrient for maximum antimicrobial production, the influence of one factor (one micronutrient) was determined at three concentration levels [ Fig. 1(C) ]. Each micronutrient was added to the modified GSS medium containing 2% glucose, 1% soluble starch, 2.5% soybean meal. Among the micronutrients examined, the mycelial growth and antimicrobial activity reached the highest levels in the media containing 0.01% MgCl 2 , 0.1% MnSO 4 , 0.01% FeCl 3 and 0.1% NaHCO 3 . The results indicated that an increase in MnSO 4 concentrations in the liquid medium significantly increased antimicrobial activity, while an increase in MgCl 2 , FeSO 4 , FeCl 3 and NaHCO 3 concentrations decreased antimicrobial production. The effects of Mg 2? may be due to its requirements in protein synthesis and its depletion may restrict enzyme synthesis and activity [21] . Also, Mg 2? is known as a growth-stimulating factor in submerged mycelia of Streptomyces azureus [22] . Fe 3? is the most important micronutrient used by bacteria as is required as a cofactor for multiple enzymes and Fe-containing proteins. Lubbe et al. [23, 24] reported that the complete cephamycin pathway benefited from an increase in Fe concentration. Mahmood [25] reported that Mn 2? had a marked effect on growth and bulbiformin production by Bacillus subtilis, and Liu et al. [26] reported that Mn 2? stimulated polyene production in Streptomyces.
Glutamate is the nitrogen donor for the biosynthesis of 85% of the nitrogenous compounds in the cells, while glutamine can transfer its nitrogen to 15% of the nitrogenous molecules, by the action of aminotransferases and amidotransferases, respectively [27] . An increase in glutamate and glutamine concentrations in the liquid medium significantly increased antimicrobial activity.
Optimization of fermentation medium using a statistical method
Screening of essential medium components using the PBD PBD is an authentic method to evaluate the relative importance of various variables or medium components for specific output. Use of PBD decreases the total number of experiments, tremendously, as the interaction effects of the variables not consider and only those variables that actually affect the production of desired metabolite are screened [16] . PBD was used for initial screening of the medium components. Eleven different variables (corn starch, potato starch, MgCl 2 , glutamate, soybean meal, NaHCO 3 , fructose, pH, FeCl 3 , glutamine and MnSO 4 ) were evaluated for their suitability to sustain increased antimicrobial activity of S. rimosus AG-P1441. Glucose was supplied as the carbon source in all of the media investigated. The nine components (corn starch, potato starch, MgCl 2 , glutamate, soybean meal, NaHCO 3 , fructose, pH, FeCl 3 ) were also determined to be the most significant in antimicrobial production, based on the low P-values (\ 0.05). Moreover, the regression coefficient (R 2 ) was 0.967, meaning that 96.7% of the total variations could be explained by the model. On the Pareto chart of the standardized effects ( Supplementary Fig. 3 ), the minimal effects were presented towards lower fields, near zero, and the maximal effects towards upper fields. NaHCO 3 , fructose, pH and FeCl 3 were excluded because their effects were relatively weak. As a complex carbon source, corn starch was preferred over potato starch because of its positive effect. Mg 2? is by far the most frequently found metal ion cofactor in enzymatic systems [28] . Therefore, corn starch, soybean meal, MgCl 2 and glutamate were determined as important factors for the antimicrobial activity of S. rimosus AG-P1441.
Rsm
In the optimization of significant media components, RSM has been proven to be a powerful tool. RSM is a sturdy, robust and efficient mathematical approach which includes statistical experimental designs and multiple regression analysis, for seeking the best formulation under a set of constrained equations. RSM is used to determine the factor levels which can simultaneously satisfy a set of desired specifications. This method helps us to determine, how a specific response is affected by changes in the level of the factors over the specified levels of interest and to achieve a quantitative understanding of the system behavior over the region tested. With the help of RSM we can predict the product properties throughout the region, even at factor combinations not actually run and to find conditions for the process stability [16] . Furthermore, CCD is a widely used statistical design for optimizing media components using a small number of experiments. CCD was first described by Box and Wilson [30] . Nowadays it is widely used in RSM for building a second order (quadratic) model for the response variable without using a complete three-level factorial experiment in terms of cost and effort [16] . For instance, RSM with the CCD has been adopted to improve antibacterial compound production by several Streptomyces species [24, [31] [32] [33] . The optimal concentration of media components was determined using CCD with the four variables, corn starch, soybean meal, MgCl 2 and glutamate, in 30 experimental runs. Table 1 summarizes the observed responses of the RSM experiments for studying the effect of the four variables on the antimicrobial production. The regression coefficient of each variable, in terms of linear and quadratic response and interaction, along with t and P-values are provided in Table 2 . The P values were used as a tool to check the significance of each of the coefficients, which, in turn, are necessary to understand the pattern of the mutual interactions between the test variables. The smaller the magnitude of P, the more significant is the corresponding coefficient. A level of P \ 0.050 indicates the model terms are significant. In this instance, corn starch, soybean meal, MgCl 2 and glutamate had a significant effect on antimicrobial acitivity (P \ 0.05). A regression model having an R 2 [ 0.9 was considered as having a very high correlation [34] . It also meant that the model could explain 95.9% of the total variations. It was found that the response of the antimicrobial activity could be expressed by the following regression equation: Table 3 , which also proved that this regression was statistically significant at a 95% confidence level. The 3D surface plots were obtained to understand the interaction of the medium components and the optimum concentration of each component required for maximum antimicrobial activity. Because the 3D surface plots can only show response values for two variables, they illustrated the interaction of the two variables, keeping the other variables constant at the middle value. Figure 2(A) shows the effect of corn starch, and soybean meal on antimicrobial activity. With moderate concentration of corn starch, the antimicrobial activity increased with increase in soybean meal, and there after antimicrobial activity decreased with higher concentration of corn starch. The same trend was observed in Fig. 2(B) -(E). Figure 2(F) shows the effect of MgCl 2 and glutamate on antimicrobial activity. The antimicrobial activity increased with increasing concentration of MgCl 2 and decreasing concentration of glutamate. The 3D plots clearly showed that the maximum antimicrobial activity should occur with middle level of both corn starch and in mm) indicated 15 mm at 40 h of the fermentation while the reducing sugar was completely depleted in 48 h. The pH of the medium decreased slightly to pH 5.15 at 40 h followed by a slow increase to pH 6.3. Meanwhile, under the optimal culture condition (3% glucose, 3.5% corn starch, 2.5% soybean meal, 1.2 mM MgCl 2 and 5.9 mM glutamate), the maximum antimicrobial activity indicated 29 mm at 48 h of the fermentation while the reducing sugar was completely depleted in 96 h [ Figure 3(B) ]. The pH of the optimal medium decreased to pH 5 at 20 h and then increased to pH 6.5 at the end of fermentation. Antimicrobial production was high in the vicinity of pH 6. Optimization of operating parameters (e.g. effects of agitation, aeration, and dissolved oxygen level) in a bioreactor fermentation deserves further investigation, which is being studied in our laboratory. As a result, the model developed was considered to be accurate and reliable for predicting the production of antibiotics by S. rimosus AG-P1441. After optimization, the antimicrobial activity was improved from an initial 15 to a final 29 mm. Furthermore, the information presented is considered fundamental and useful for developing a cultivation process for S. rimosus AG-P1441 to allow efficient large-scale antimicrobial production. 
